Certain brain peptides and catecholamines function in activating the hypothalamohypophysial-ovarian axis in both rabbits and rhesus monkeys. The natural stimulus for a surge release of GnRH is coitus in rabbits, whereas the initial excitatory signal is ovarian steroids in monkeys. Despite this contrast in initial signals, specific neurochemicals may serve as common stimuli for GnRH secretion in both species. Evidence is presented that one such substance is norepinephrine (NE), which is released from the mediobasal hypothalamus before, or simultaneously with, GnRH, although the latency in time between stimulus (coitus/estrogen) and response (GnRH/LH release) is very different. Moreover, both stimuli activate NE gene expression in cells located in the brainstem. We suggest that the brainstem is an extra-hypothalamic site where preovulatory signals for GnRH surges are developed in both rabbits and primates.
INTRODUCTION
GnRH is an essential endocrine component for reproductive function in mammalian species. Pulsatile secretion of this hypothalamic peptide occurs universally, even in isolated GnRH cells in culture. The frequency of discharge of these GnRH pulses varies from approximately 20 min to over 90 min depending on the species, gender, and physiologic state. This neuroendocrine network that generates GnRH pulses at approximate hourly intervals has been termed an "ultradian pulse generator" system [1] . These hourly bursts of decapeptide traverse the hypophyseal portal vessels to pituitary gonadotrophs, where they bind to a 7-transmembrane/G-protein-linked receptor for activation of gonadotropin synthesis and release via second-messenger actions [2] . A second GnRH release mechanism termed a "GnRH/LH surge-generator" system is also prevalent in reproductively competent females of most mammalian species. This neuroendocrine surge-generator system triggers ovulation and can be influenced by a host of sensory stimuli, some of which may be inhibitory and some facilitatory to activation of cellular events in the GnRH/LH surge.
The differences and similarities in control of the Gn-RH/LH surge in various species, especially the New Zealand White rabbit and rhesus monkey, will be outlined herein. This comparison may appear paradoxical since the rabbit is an induced ovulator-ovulation occurring 10-12 h after coitus-while the monkey is a spontaneous ovulator with a 28-day menstrual cycle-ovulation occurring midway through this series of monthly changes some 45-60 h after enhanced ovarian steroid secretion. Thus the initial signal in a cascade of events for the GnRH/LH surge in the two species is neural in the rabbit and hormonal in the monkey [3] [4] [5] [6] . Despite this contrast in the primary stimulus for releasing GnRH/LH to initiate ovulation in these species, there may be similar neural processes for receiving sensory and hormonal inputs. For example, reports exist in rabbits of steroid-induced LH release [7, 8] and in domestic animals [9, 10] of coitus-associated enhanced LH release and/or ovulation. Indeed, coitus-induced ovulation in women has been suggested [11] , although Quadri et al. [12] found no fluctuations in serum LH levels in cycling rhesus monkeys after coitus. It is well established that rodent species release LH and ovulate in response to genital stimulation after drug-, steroid-, or photo-blockade [13] [14] [15] . Thus occurrence of both spontaneous and induced ovulation is common in mammalian species, although a single type of evoking stimulus is usually predominant.
The ability to monitor GnRH secretion in rodents [16] , rabbits [17] [18] [19] [20] [21] , sheep [22, 23] , and rhesus monkeys [24, 25] has enhanced the understanding of neuroendocrine events controlling ovulation. Several excellent reviews of these findings have appeared [26] [27] [28] [29] [30] . Our contributions to the area can be ascribed to the development of procedures that permit frequent and simultaneous measurement of GnRH in hypothalamic push-pull perfusion (PPP) samples and of gonadotropins in peripheral blood aliquots before, during, and after coitus in rabbits [31] , and surrounding the preovulatory estradiol-17 (E 2 ) surge in rhesus monkeys [32] . These techniques have been extended to include use of microdialysis [33, 34] and HPLC for measurement of catecholamines and small peptides [35] .
RABBITS
The neuroendocrine events within the hypothalamohypophysial axis were studied extensively in the late 1940s through the 1970s by the laboratories of Harris, Sawyer, and Faure. The groups reported several salient features of this neuroendocrine system: i.e., brief electrical stimulation of the tuberocinereum evokes ovulation (Harris group, see [36] ); adrenergic and cholinergic neural transmitters are components of the system (Sawyer group, see [37] ); and vaginal stimulation increases electrical activity in arcuate, premammillary, and lateral hypothalamic neurons (Faure group, see [38] ). Sawyer et al. [39] established that various catecholaminergic blocking drugs could prevent ovulation in the rabbit if administered within 1 min after coitus. These pivotal observations revealed the rapidity of this neuroendocrine reflex. Clattenburg et al. [40] described ultrastructural changes in preoptic and suprachiasmatic neurons within 1 h after coitus that were presumably related to monoamine and peptide release from dense core vesicles. Campbell et al. [41] reported the ability of hypothalamic extracts to initiate gonadotropin release when infused into the rabbit pituitary. Kanematsu et al. [42] compared the pituitary responsiveness to coitus, electrical stimulation of the hypo-thalamus, and injection of GnRH in the same rabbit study soon after isolation and identification of GnRH [43, 44] . Subsequently, the GnRH receptor and the genes responsible for both ligand and receptor synthesis [45, 46] were identified along with several second-messenger steps in GnRH actions in gonadotrophs [2] . Thus this decapeptide is the likely final signal from median eminence to gonadotrophs. The numbers of GnRH receptors in gonadotrophs have been studied extensively in several species, with peak numbers found near ovulation [47] [48] [49] [50] ; these numbers decline sharply after ovulation. After ovariectomy, GnRH receptor numbers increase, and this increase can be reversed by steroid administration [51] . Thus both gonadal steroids and GnRH may influence receptor numbers in the pituitary. Estrogen increases whereas progesterone decreases GnRH receptors. Also, inhibin can block GnRH-stimulated up-regulation of these pituitary receptors [52] .
GnRH and catecholaminergic immunoreactive neurons and terminals are widely distributed in the rabbit hypothalamus [28, 53] . Voloschin and Gallardo [54] reported that copuloceptive information was relayed to the hypothalamus via widely distributed pathways because only complete 360°deafferentations prevented ovulation. These observations were consistent with the earlier ones of Faure [38] on the diverse areas of hypothalamic neurons that were electrically activated after vaginal stimulation. Nevertheless, hypothalamic regions that control behavioral estrus and the GnRH/LH axis appear to be experimentally distinguishable. Small lesions in the arcuate-ventromedial nuclei of females block ovulation without destroying behavioral estrus; lesions in the mammillary region provoke anestrus, but the rabbits still ovulate in response to exogenous copper acetate [55] .
In vivo PPP in the rabbit hypothalamus was initiated independently by Ramirez's and our laboratories for measurement of GnRH and catecholamines [17] [18] [19] [20] [21] , and several reports have described GnRH release in alert, freely moving rabbits [56] [57] [58] . Estrous rabbits exhibit regular low-amplitude pulses of GnRH, LH, and E 2 [59] . After coitus, a 40-fold increase in GnRH release from the mediobasal hypothalamus (MBH) is measurable within 20-60 min; serum LH levels also increase concomitantly (Fig.  1A) . Delayed increase in circulating FSH and prolactin also occurs, and the increment is lower than that of LH. Shammated controls handled in an identical manner fail to show elevations in any of these endocrine parameters, thereby clearly showing the essentiality of coitus for triggering these hormonal events. A comparison of postcoital GnRH patterns between MBH and suprachiasmatic (SC) regions revealed that the magnitude of GnRH increase was lower in the SC, the rate of rise after coitus was slower in the SC, and the GnRH pulsatility was more evident in the SC than in the MBH [31] . These findings, along with differences in cell structure and immunochemical staining, suggest functional variance in subsets of GnRH neurons [60] .
Oscillatory release of GnRH occurs in immortalized mouse neuronal cells, GT-ls [61, 62] , and in embryonic olfactory placode cells of the rhesus monkey [63] grown in cultures. Thus it is likely that GnRH neurons have pulsegenerating properties and that GnRH has self-regulatory feedback capabilities [64] . However, this capacity does not discount that endogenous GnRH neurons contain extensive interneuronal contacts; the preovulatory GnRH surge is probably initiated by these cell-to-cell contacts. Several neural peptides and transmitters have been implicated in regulation of the GnRH/LH axis [65] [66] [67] [68] [69] [70] [71] [72] . Peptides in or proximal to GnRH cells include galanin, neuropeptide Y (NPY), delta sleep-inducing peptide, and endorphins [73] [74] [75] . Strong evidence indicates that NPY [76] [77] [78] and endorphin [79] alters GnRH secretion in rabbits. However, in NPY-knockout mice with no detectable NPY in the brain, both mutant males and females retain normal growth and reproduction [80] . These data emphasize the plasticity of this neuroendocrine axis. Even members of the growth factor family contained in astrocytes and glia-fibroblast growth factor, nerve growth factor, and epidermal growth factor-influence GnRH neuronal function [81, 82] . Leptin, a newly discovered peptide [83] produced in adipose cells with receptors localized in hypothalamic neurons [84] , influences fertility in mice as evidenced by the findings that mutant mice deficient in the leptin gene are infertile. Administration of leptin to these mice restores fertility [85] and enhances the otherwise low gonadotropin secretion [86] , thereby suggesting hypothalamic-pituitary stimulation. Reports have found autoradiographic leptin binding in choroid plexus, median eminence, and arcuate nuclei [87] . These recent findings identify yet another peptide system that influences the neuroendocrine reproductive axis. Both NPY and galanin are present in the hypothalamus, particularly in the paraventricular and arcuate neuronal regions [88, 89] , and expression of their mRNAs in the arcuate area increases on the afternoon of proestrus, simultaneous with the surge in serum gonadotropins in rats [90] and after estrogen administration [91, 92] . In addition to the stimulation of GnRH release, NPY is a potent stimulus of feeding behavior and an inhibitor of sex behavior [93] . In rabbits, this peptide also enhances food and water intake [94] . While the impact on sex behavior has not been studied, the effects of NPY activities on GnRH secretion are well documented. Intrahypothalamic infusion of NPY stimulates GnRH release in the presence of estrogen-exposed neurons, whereas it inhibits GnRH pulsatile release in ovariectomized rabbits [76] [77] [78] . These effects of NPY are similar to those of norepinephrine (NE), which also enhances GnRH release during estrogen treatment [19, 20] . In fact, NPY, NE, and GnRH are all released concomitantly in MBH-PPP samples of centrally activated rabbits [31, 77] . Several alternative possibilities have been postulated for NPY stimulation of GnRH [95] , but a-adrenergic receptors are one likely component. Berria et al. [96] reported that ovariectomized, estrogen-treated rabbits given prazosin (a-I receptor antagonist) plus NPY did not release GnRH, whereas similar rabbits treated with NPY alone, or with NPY plus an a-2 receptor blocker, yohimbine, did release GnRH. Neither prazosin nor yohimbine alone altered GnRH secretion. This hypothesis is also being explored by use of prazosin treatment after coital activation of GnRH in estrous rabbits.
Preliminary results indicate that coitus-induced GnRH secretion is disrupted by intrahypothalamic prazosin infusion (Fig. 2 ). These and other findings have led us to focus on brainstem neurons that may produce NPY and/or NE as part of the coitally activated GnRH/LH-releasing system in rabbits.
Interruption of noradrenergic inputs to the hypothalamus, depletion of catecholamine stores, blockade of catecholamine synthesis, or blockade of adrenergic receptors alters gonadotropin secretion in rabbits. While Kaynard et al. first reported that endogenous NE release occurs after coitus [31] , Yang et al. [35] recently documented and extended these earlier observations with the aid of microdialysis and HPLC. These methods permitted quantification of GnRH and NE in the same dialysate samples collected at 2-to 3-min intervals. The studies demonstrated that NE and GnRH rose significantly within the first 15 min after coitus in female rabbits, and that the NE increase preceded by 2-7 min that of GnRH in these MBH samples. Shammated controls showed no significant changes in NE and GnRH patterns. In the same studies, Yang et al. [35] showed that patterns of NE, GnRH, LH, and testosterone did not change in male rabbits after coitus. Thus, NE appears to be triggered by coitus and is a likely upstream signaling component in GnRH release (Fig. 3A) . As will be discussed later, NE may also be released by estrogen in the monkey, although the time frame for this activation is slower than that for coital activation (Fig. 3B) . The coitally activated, neurally mediated NE-release mechanism in rabbits appears to be gender-specific in that males do not display elevated MBH NE and GnRH patterns after ejaculation [35] . Moreover, male rabbits do not release surges of GnRH/LH after coitus (Fig. 4A) , whereas castrated adult male monkeys retain sufficient neural plasticity to release both GnRH and LH in response to estrogen injections (Fig.  4B) .
It is possible that both the ultradian and surge-generating GnRH systems are influenced by NE-secreting neurons. Neural terminals of NE cells may synapse with GnRH-secreting cells, making endogenous NE at synaptic clefts available for immediate use, inactivation, or reuptake for subsequent use [97] . A noradrenaline transporter protein with sodium-dependent binding capacity is a component of   FIG. 3 . A contrast of MBH NE patterns in female rabbits after coitus (A, n = 4) and in an ovariectomized female monkey implanted with a Silastic capsule filled with E2 (60 pg E2/ml plasma) followed by i.v. infusion of preovulatory concentrations of E 2 (B). Zero (0) h denotes the time of coitus (letter M for mating) in rabbits and the time of initiation of i.v. E, infusion in monkeys. Note the differences in magnitude of NE change and in time from stimulus to NE response in the two species. 
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this system [98] . Several in vivo microdialysis studies in cerebral cortex and hippocampus indicate that acute local application of desipramine (DMI), a specific noradrenaline transporter protein blocker, causes a 2-to 8-fold increase in local NE concentration [99] . Other studies reported that acute systemic administration of DMI reduces electrical activity in the locus coeruleus, a brainstem region that contains NE cell bodies [100] . These various findings led us to examine NE and GnRH levels in MBH-PPP and microdialysate samples after local DMI infusion [101] . Interestingly, elevated GnRH levels peaked by 30 min after initiating intrahypothalamic DMI, and, although infusion continued, GnRH levels returned to baseline values. After 1 h of infusing Krebs Ringer phosphate buffer (KRP), the pattern of GnRH release in response to a second DMI challenge was again evident (Fig. 5A ). Local NE, but not dopamine or epinephrine, concentrations rose sharply along with GnRH in these rabbits. The magnitude of NE (and GnRH) concentration was DMI dose-dependent and equally effective in males and females. The lack of gender difference implies that acute infusion of DMI may alter the ultradian pulse generator system, since males do not express the coitus-induced NE/GnRH response. Repeated treatment with DMI decreases levels of NE in cerebral cortex [102] , reduces the firing rates of locus coeruleus neurons [100] , and reduces NE reuptake sites [103, 104] . Such events may ultimately lead to up-or down-regulation of tyrosine hydroxylase activity in brainstem neurons [105] . We know that neurons that immunostain for dopamine [3-hydroxylase express both tyrosine hydroxylase and noradrenaline transporter protein mRNAs, and preliminary evidence suggests that these signals (at least tyrosine hydroxylase mRNA) change within 15 min after coitus (Fig. 6 ). In addition to adrenergic input for coitus-induced ovulation, Sawyer et al. [106] reported that cholinergic blocking drugs could prevent ovulation if injected within seconds after mating. They suggested that the cholinergic signal preceded that of the adrenergic ones. Other potential transmitters with influence on the GnRH/LH surge generator system include opioids [107] , dopamine [108] , serotonin [109] , and gamma aminobutyric acid (GABA) [110] as inhibitors of the system, and as suggested earlier, galanin, leptin, and members of the growth factor family as stimulatory agents. None of these neurochemicals have been explored in rabbits during the monitoring of coitally activated-GnRH release.
RHESUS MONKEYS
The follicular and luteal phases of the menstrual cycle, each approximately 2 wk in length, are separated by a 2-to 3-day periovulatory interval that is characterized by enhanced ovarian secretion of estradiol [1, 111] (and subsequently progesterone [112] ), and a marked release of pituitary gonadotropins followed by ovulation [1] . It is evident that gonadotropins, at least LH, are secreted in pulses [113, 114] and that these rhythmic LH bursts are driven by hourly pulses of secretory hypothalamic GnRH (for review see [27] ). This conclusion is based on direct GnRH and LH measurements after ovariectomy [115, 116] , during the follicular phase of the cycle [32] , and on hypothalamic multiunit neuronal activity and LH pulses in blood [117] . During the luteal phase of the cycle, LH, and hence progesterone pulses, are slowed [118, 119] in part by opiatergic neural inhibition [120] . In a recent study, Pau et al. [121] attempted to monitor the slowed luteal LH pulses in plasma with simultaneous GnRH release patterns in the MBH. However, pulse patterns of GnRH and LH could not be measured during the midluteal stage of the cycle unless an opioid blocking drug, nalmefene, was administered. This drug rapidly enhanced the magnitude and rate of both GnRH and LH pulses; therefore, normal luteal-phase pulse patterns of GnRH/LH could not be established. Because GnRH and LH patterns were associated in these studies, circumstantial evidence implies that normal luteal GnRH pulse frequency is reduced below that of a 60-to 90-min interval.
The pattern of GnRH secretion during the periovulatory interval undergoes a dramatic elevation [32, 122, 123] . This enhanced GnRH release in MBH-PPP and third ventricle samples lasts for several hours and accompanies a temporally related rise and fall in plasma bioactive LH (Fig. lB) . The trigger for these preovulatory events is an increased secretion of ovarian steroids, especially E 2 , which acts both in the pituitary and centrally [124, 125] . For example, both estrogen receptors (ER) and progesterone receptors (PR) are present in the gonadotrophs of the macaque pituitary [126] and in certain localized regions of the hypothalamus [127, 128] . The preoptic area, ventromedial nucleus, arcuate, and median eminence regions contain ER and PR. However, estrogen treatment has no effect on the number of ER-positive nuclei or on expression of ER mRNA in these areas of the hypothalamus. Conversely, estrogen plus progesterone treatment decreases ER in the periventricular and ventromedial nuclei [129] . Estrogen treatment does increase the number of PR-positive cells in these regions and increases expression of PR mRNA in ventromedial and arcuate nuclei. In contrast to these primate observations, most studies in the rat report that estrogen decreases ER mRNA or ER protein in hypothalamus [130, 131] . It should be emphasized that dual staining studies for GnRH and ER/PR have failed to find colocalization. Therefore, it is likely that the steroid effects on GnRH neurons are indirect. Of course it is possible that other ER/PR types will be identified and found within GnRH-secreting cells. The anatomical areas of ER protein and mRNA in the above studies were similar to areas reported earlier with use of autoradiographic localization of [H 3 ]estradiol in macaques [132, 133] . To our knowledge, there are no reported studies of ER labeling in rabbit brain; however, an early study [134] noted estrogen binding in rabbit hypothalamus. Concentrations of PR, measured by H 3 binding of ORG 2058, are higher in the hypothalamus of the intact female than in adult male and prepubertal female rabbits [135] . Estrogen administration to ovariectomized rabbits increased PR concentration in the hypothalamus, and progesterone administered after estrogen reduced PR levels. These observations are consistent with those in rodents, but vary with those in monkey studies. In intact estrous rabbits, blood estrogen levels are low and relatively unchanging; however, when females mate, their plasma progestin levels are rapidly elevated [136] , thereby raising the possibility that postcoital progestins may influence steroid receptor activity in neurons with reproductive functions.
Acute estrogen treatment in ovariectomized rhesus monkeys decreases plasma levels of LH without detectible changes in MBH-PPP concentrations of GnRH [137] . Pituitary response to exogenous GnRH is markedly reduced in these monkeys. However, if elevated estrogen is maintained in the circulation, GnRH secretion is elevated in peripubertal [138] , preovulatory intact [32, 122, 123] , and gonadectomized [24] monkeys. These stimulatory effects are also observed in hypothalamic cells in vitro [25, 27, 139] . These observations in female monkeys are consistent with those in other mammalian species. Castrated male monkeys also respond to estrogen and/or GnRH therapy by releasing a preovulatory-like surge of LH and/or GnRH (Fig. 4B ) similar in pattern to that observed in ovariectomized females [140] . Furthermore, castrated male monkeys with ,-I , 50 functional ovarian transplants have circulating levels of estrogen, progesterone, LH, and FSH similar in profile to those in normal cycling adult females [141] . These findings are surprising and contrast with those in rodents, rabbits, and sheep, where neuroendocrine data indicate gender differences in this hypothalamohypophysial axis.
The gender similarity in neuroendocrine support of the ovary in adult rhesus monkeys suggests retainment of neural plasticity despite morphological evidence that primates show sexual dimorphism in the preoptic area of the brain [142] . The importance of this brain region for preovulatory LH release (ovulation) was studied intensely during the mid-1970s. Whereas Norman et al. [143] claimed that lesions of the rostral-suprachiasmatic region block ovulation, Krey et al. [144] clearly demonstrated that 360°deaffer-entations of the MBH do not block the preovulatory surge of LH and ovulation. Furthermore, large lesions within the MBH block LH release unless GnRH pulses are administered [145] , thereby suggesting that control of the system is within the MBH. In fact, some investigators propose that the GnRH neurons themselves control GnRH pulses [27, 139] , and subgroups of GnRH cells are under investigation in an effort to understand the GnRH surge.
In addition to in vivo pulsatile GnRH secretion from MBH cells, pulsatile GnRH release occurs in the rostral region of the monkey hypothalamus, although the physiologic role that this GnRH secretion fulfills is unclear. These rostral GnRH-secreting neurons respond to increasing levels of systemic estrogen (Fig. 7B) . This estrogen-driven GnRH release in rostral monkey hypothalamus is similar to that of coitally activated GnRH release in the rostral hypothalamus of female rabbits (Fig. 7A) , and, as in the MBH of the two species, the latency in initial stimulus to GnRH cellular response is several hours after estrogen and only minutes after coitus. The complexity of the physiologic role for rostral hypothalamic GnRH cells was reemphasized in a recent abstract [146] that provided evidence for a second form of GnRH that existed in macaques in a subpopulation of rostral lateral suprachiasmatic neurons. Also, dual labeling of GnRH neurons have established their heterogeneity for transmitters, other peptides, and/or their messages [147] [148] [149] .
The upstream regulation of the events in the preovulatory GnRH surge has been extended from the rabbit to rhesus macaques, especially those steps that implicate NPY and adrenergic signaling. Intrahypothalamic infusion of NPY stimulates GnRH release [150, 151] , while intraventricular infusion of NPY inhibits GnRH in monkeys [152, 153] . Unlike the facilitatory action of steroids on NPYinduced GnRH release in rabbits, steroids, especially E 2 , have little effect on NPY-induced GnRH in monkeys. Multiple pathways and/or multiple receptor classes for NPY actions are possible reasons for these differences. Norepinephrine pulsatility is closely associated with GnRH pulsatility [154] , and NE concentrations in PP perfusates during the periovulatory stage of the menstrual cycle are enhanced (Fig. 3B, [155] ). Also, studies have shown that adrenergic blocking drugs can dampen GnRH/LH pulses [116, 156] . The nature of hypothalamic GnRH secretion may depend on the balance between NE release and re-uptake-the latter being controlled by a specific noradrenaline transporter protein since in extrahypothalamic brain regions, this particular protein activity helps maintain synaptic NE levels [100] [101] [102] [103] [104] [105] . The importance, if any, of extrahypothalamic neural input into the GnRH/LH surge system has received only limited study in primates. Extensive inhibitory and stimulatory signals from outside the MBH system may occur in the intact brain, but given neural plasticity, the deafferentated MBH unit may still operate with some functionality. This intrepretation of the existing information would not exclude the likelihood that extrahypothalamic signals retain importance for a GnRH/LH surge. Acute systemic administration of DMI, a noradrenaline transporter protein blocker, reduces electrical activity in the locus coeruleus-a brainstem region that contains NE cell bodies. The local administration of DMI into the MBH of rhesus females causes a sharp rise in both NE and GnRH in MBH perfusate samples (Fig. 5B) .
The neuronal soma for these MBH NE terminals are located anatomically outside the hypothalamus; therefore, we have been measuring changes in both noradrenaline transporter protein and tyrosine hydroxylase mRNAs in these brainstem sites. To simplify the prediction of the time of the preovulatory GnRH/LH surges, we mimicked blood patterns of follicular and preovulatory E 2 by use of both small Silastic (Dow Corning, Midland, MI) implants filled with E 2 and i.v. E 2 infusions in ovariectomized macaques (LH surges were detected in trials of model perfection) and measured key endocrine and neurotransmitter changes during PPP. Concentrations of NE in MBH perfusates rose dramatically by 30 h after blood E 2 reached preovulatory levels (Fig. 3B, [155] ). The time frame for this enhanced NE was similar to that of GnRH/LH elevations in earlier studies, although these experimental animals failed to show GnRH/LH surges. The reason for these failures are not known but may suggest inhibitory signals that override the stimulation of GnRH by NE. Efforts are underway to resolve this conundrum. In this same E 2 -treated monkey model, tyrosine hydroxylase mRNA is sharply increased in locus coeruleus cells at 30 h after initiation of the preovulatory estrogen rise (Fig. 6, [157] ). Thus it is possible that estrogen acts on brainstem neurons to increase NE release in hypothalamic terminals that are on GnRH neurons or on other types of cells with their terminals in contact with GnRH-secreting cells.
CONCLUSIONS AND FUTURE DIRECTIONS
Coitus in rabbits and estrogen in monkeys each stimulate hypothalamic GnRH and hence pituitary LH secretion. Both stimuli also increase MBH NE concentrations and both enhance the expression of tyrosine hydroxylase mRNA in brainstem neurons. These changes in the NE system occur at times similar to those in which GnRH secretion is increasing. The latency of central activation of this neuroendocrine system by these two types of stimuli is very different-minutes (or possibly seconds) in the case of coitus in rabbits, and hours in the case of estrogen in monkeys. The coupled time course for increased NE and tyrosine hydroxylase mRNA in relation to GnRH/LH enhancement, despite the sharp divergence in time for activation of the coitus-and estrogen-induced systems, argues for a role of brainstem pathways in hypothalamohypophysial ovulatory signals in both species. Conversely, this contrast in speed of signal activation implies that different mechanistic steps are involved in the coitus-and estrogen-induced NE/GnRH/LH surge release.
Sharper focus on specific cellular events by use of molecular, morphological, chemical, and electrophysiological techniques will help to identify which ligands, receptors, ion channels, and second-messenger steps are key in regulation of GnRH pulse and surge release processes. Since functionally different subpopulations of the 2000-3000 total GnRH-secreting neurons are hypothesized and numerous other types of neurons and glia affect the GnRH cell population, varied approaches to identify upstream signals are needed. The use of natural and directed mutations in key regulatory genes will speed understanding of this neuroendocrine system and ultimately guide the building of new concepts in neuron plasticity of brain functions in the control of reproduction.
